The ease deformation of soft-bodied robots enables a variety of intriguing locomotion modes, yet their speed is typically slow owing to intrinsic soft materials limitation. Bioinspired by active actuation of spine deformation during high-speed galloping of cheetahs, the fastest animal on land, we propose spined hybrid soft bending actuators (SBAs) that enable high-speed locomotion and high force in soft robots. They are composed of rigid links as skeletal spines, SBAs as skeletal muscles, and an amplifier to enhance force output and velocity, as well as enable high precision, wide-range stiffness, and tunable snap-through instabilities. We demonstrated their integrations for a few high-performance soft machines, including high-speed yet energy-efficient crawlers with locomotion speed of 2.49 BL/s, fast-moving underwater swimmers (0.78 BL/s), soft grippers with over ×10 3 stiffness modulation (maximum load capacity is 11.4 kg), bistable soft oscillators, and ultra-high-strength adhesive device that has ~700 N pull-off force.
INTRODUCTION
High-speed locomotion is an intriguing characteristic in quadrupedal mammals for prey capture or predator escape, as well as bioinspired running terrestrial robots for search-and-rescue and transportation (1). Among different locomotion gaits, galloping exhibits the highest running speed (2), e.g. the fastest galloping cheetah demonstrates a record speed of 29 m/s on land (3) . Galloping has also been suggested as the most energy efficient mode of locomotion in quadrupedal mammals (4) . The roles and benefits of spine flexion and extension for high-speed locomotion are well documented in terms of self-stabilization and elastic energy storage (5-7), largely benefiting the design of fast-speed and energetically economic legged rigid robots through spine actuation (8, 9) .
Recently, soft robots have attracted tremendous research interest due to their potentially safe and adaptive interaction with humans and harsh environment, enabling a wide range of new functionalities that can hardly be achieved by conventional rigid robots (10) , including manipulating delicate objects (11) (12) (13) (14) (15) (16) , navigating through a confined space (17, 18) , and possessing multiple degrees of freedom (19) (20) (21) (22) . Despite the advances, it remains challenging to design high speed yet energy efficient locomotive soft robots due to the intrinsic limitations of their soft bodies. Normally, high speed locomotion requires fast response, large force output, high strain energy storage, and high precision motion of the actuators that are the merits of rigid robots. However, for soft-bodied robots, they often exhibit small force exertion and slow deformation response due to materials softness and structural compliance, thus it is hard to store high mechanical energy and precisely control soft body deformation, largely limiting their similar practical utilities as rigid robots in high-speed locomotion and high-strength object manipulation (23) .
To address the challenges, a hybrid musculoskeletal system that combines soft materials as "muscles" and rigid links as "skeleton" may be a promising solution. Without sacrificing the benefits of rigid robots in high strength and accurate control, and soft robots in extreme compliance, the hybrid system makes it possible to simultaneously achieve compliancy and strength (24, 25) . Inspired by the spine flexion and extension in high speed yet energy-efficient quadrupedal mammals such as galloping cheetahs (Fig. 1A) , we propose here a bistable spined hybrid soft bending actuator, as schematically shown in Fig. 1B , that enables high force output, fast actuation speed, low energy consumption, tunable stiffness modulation, and high-accuracy deformation control. Very recently, bistability has been harnessed in soft robotics for untethered directional propulsion (26) , autonomous control of air flow in soft bistable valves (27) , and soft fluidic actuators with amplified responses (28) . Different from the soft bistable elements in these examples, the hybrid soft actuator presented here is constructed from combining bistable rigid links as "skeletal spines" and soft pneumatic bending actuators as "skeletal muscles" (Fig. 1B) . The rigid skeleton ensures precise deformation control and structural stability. It harnesses the rapid, switchable snap-through instability between two stable states actuated by the connected soft bending actuators. Unlike the limited energy storage in soft bistable structures due to low materials modulus, the mechanical energy is stored in a linear spring connecting the rigid spine, which can be tuned from low to high energy-storage capacity through simply pre-straining the spring. This spring in hybrid soft actuators acts as an active/passive amplifier. It not only enlarges the force and actuation speed through controllable snap-through instabilities, but also enables tunable stiffness and reduces energy consumption for the hybrid system. We demonstrate the ease of integrating the bistable spined hybrid soft bending actuator for high speed running soft crawlers on ground and fast-speed underwater fish-like soft swimmers with low energy consumption, as well as an adjustable high-strength gripper with wide-range variable stiffness modulation. We further extend the proposed hybrid strategy to soft dome-bending systems and demonstrate the use of spined hybrid soft doming actuator for bistable soft oscillator and high-strength adhesive pad. Fig. 2A shows the schematic design of the proposed bistable hybrid soft bending actuator (BHSBA). It consists of three components: two soft pneumatic bending actuators as skeletal muscles made of ecoflex, each with two layers of pneumatic channels (Fig. S1A) , that can achieve switchable two-way bending upon pressurization to actuate flexion of the spine; a 3D printed flexible spine composed of two rigid hinged links as skeleton to provide structural rigidity for soft bending actuators (Fig. S1B) ; and a linear spring that connects two ends of the spine. To enable the snap-through bistability in the spine, the spring is pretensioned within the straight spine to store mechanical energy (middle of Fig. 2A ). The straight spine represents an unstable state, and the bended configurations of the spine and its connected soft actuators, either to the left (right of Fig.  2A ) or to the right, are the respective two stable states. , i.e. a straight configuration, possesses a local maximum energy UII, and the two equilibrium and stable states possess the local minimum potential energy Ueq at the equilibrium bending angle θeq, also the maximum bending angle. θeq is determined by minimizing Ueq, which includes the strain energy in the bended soft actuator and the potential energy in the spring. Thus, the spring stiffness, spring pretension, and the material properties and geometry of the soft bending actuators all play a role in determining θeq, making it challenging for angle control. To precisely control the bending angle of the soft bending actuator in an ease yet programmable way, we set angular stoppers in the spine to block its rotational movement at the preset lock angles of θ1 and θ2 (top right of Fig. 2A) , the value of which is smaller than θeq. Correspondingly, we choose a relatively large-stiffness spring with pretension to readily satisfy the requirement of both UII > UI ( or UIII ) > Ueq and θ1 (or θ2) < θeq to enable bistability and precise deformation control, where UI and UIII denote the potential energy of the locked states (Fig.  2B) , so that the lock states will represent the resting stable states. The working mechanism of BHSBA is straightforward: at a rest state of bended shape, e.g. State I in Fig. 2B (left inset), after inflating the exterior layered pneumatic channel of the bending actuators, it will bend toward the unstable planar state, i.e. State II (middle inset), where the spring stores the most energy, and then rapidly snap to another stable state, i.e. State III (right inset). This process can be easily reversed from State III to State I by actuating the other side of channeled layer in the bending actuators. Thus, the actuator can generate a swing motion between two stable states. The energy barrier (E) of this bistable system can be obtained as (Supplementary Materials): 
RESULTS

Bistable hybrid soft bending actuator
where k is the spring stiffness and ∆x is the pre-extension of the spring at State II.
To examine the power-amplifying-effect enabled by bistability, we compare the actuation performances of BHSBA with its two bistability-disabled counterparts, including the block force, motion, and speed. One is the hybrid soft bending actuator (HSBA) after removing the spring in the BHSBA (left inset of Fig. 2C ), corresponding to the extreme case of k = 0 to disable the bistability, and the other is the soft bending actuator (SBA) without both spines and springs (middle inset of Fig. 2C ). The three actuators with their bottom fixed are pneumatically actuated at the same pressure of 30 kPa and the same frequency of 3.2 HZ during the swing motion ( Fig. S2 and Table S1 ). The spring stiffness k is 0.53 N/mm and the pretension in the spring is 5mm. The lock angle in the spine is θ1 = θ2 = 60 Fig. 2D ) counterparts, the BHSBA exhibits the largest θmax (top right of Fig. 2D ), which is equal to the lock angle since it cannot bend beyond 60 o (Movie S1), demonstrating a more precise control in the bending motion. We note that the soft bending actuator (i.e. SBA) shows the largest deflection, resulting from both axial elongation and bending deformation, whereas the axial elongation in the BHSBA is largely constrained by the rigid spine for a dominated bending deformation. Thus, it is ease to predict the bending angle and curvature of the BHSBA in a controlled fashion despite the difficulty in predicting the SBA due to the axial elongation (see Supplementary Materials for more details). Fig. 2C shows the corresponding measured block force Fb as a function of bending angle. As expected, the SBA generates a small block force of less than 1N due to its materials compliance, which is slightly higher than the hybrid soft bending actuator (i.e. HSBA). In sharp contrast, Fb is significantly enhanced to the range of 2-2.8N in the bistable hybrid actuator, which is approximately 3 times larger than the SBA and 7 times larger than the HSBA when compared at the same bending angle of 20 o , demonstrating the benefit of bistablility in amplifying the output force capability.
In addition to precise bending angle control and output force amplification, the proposed bistable hybrid system (i.e. BHSBA) also contributes to an increasing velocity and energy saving for motion. For a target swing motion with a swing angle of 60 o , the BHSBA takes the shortest halfperiod thp = 0.13 s swinging from -60 o to 60 o under the lowest pneumatic pressure of 30kPa. In contrast, its counterpart SBA requires ~38 kPa pressure with thp = 0.16 s and HSBA requires ~80 kPa pressure with thp = 0.27 s (Movie S2). Therefore, the BHSBA consumes less energy to achieve the same bending angle, while still producing a significantly higher reaction force (Fb = 1.92 N) compared to its two counterparts (Fb = 0.12 N for SBA and 0.16 N for HSBA at 57 o ), which are attributed to the release of stored energy in springs through snap-through bistability.
Despite recent advances in harnessing bistable soft structures for design of soft robotic systems (26) (27) (28) , our bistable hybrid actuator provides a few potential advantages compared with these emerging compliant bistable structures: (1) Bistable entirely soft structures can only store limited amount of energy due to low modulus. However, the proposed bistable hybrid system possesses a larger energy-sortation capacity owing to the integrated high-stiffness spring, thus exhibiting better performance in amplifying force and velocity. (2) The two rest states of bistable soft structures are always energetically inequivalent, i.e., the as-fabricated state is always more stable than the other stable state. However, the two stable states of the proposed bistable hybrid actuator can be manipulated to be energetically equivalent or biased by simply tuning the two independent lock angles θ1 and θ2 with θ1 = θ2 or θ1 ≠ θ2. This flexibility in adjusting the biased rest states could be beneficial for building multistable and directional systems (26) . (3) Unlike the fixed energy barrier in most of the bistable soft actuators, one can easily tune the energy barrier of the proposed bistable hybrid bending actuator by changing either the pretension in the spring or the spring stiffness in terms of Eq. (2), thus resulting in tunable force exertion and response speed for potential targeted and programmable performances.
High-speed bistable spined crawler
Bioinspired by the similar flexion and extension motion of the flexible spine during the high-speed galloping in mammals such as the fastest land animal cheetah (Fig. 3A) , we explore harnessing the bistable spine enabled power amplification and fast response for its potential application in highspeed yet energy efficient locomotive soft robots. As schematically illustrated in Fig. 1B , simply attaching four claws to the BHSBA (i.e. spined soft body) constitutes the proposed high-speed hybrid soft robot with a bistable spine. The prototype is 7 cm long and 6 cm wide with a weight of 45g. The spring stiffness k is 0.53 N/mm and the pre-extension is 5mm. The lock angle of the spine is θ1 = θ2 = 60 o . Small ecoflex pads are attached on the claws, as shown in Fig. 2B , to break the deformation symmetry through providing passive switchable friction for front and rear claws (29) . At the rest state, its soft body is initially bent downward (top of Fig. 3B ), the front legs have much larger static friction force (because ecoflex contacts the surface) than the rear ones (right of Fig.  3B ). This will generate a forward motion when the soft body is actuated and bending upward; when the crawler is taking a convex shape, i.e. bend-up (bottom of Fig. 3B ), the rear legs will have larger friction force than the front ones. This also results in a forward locomotion when the body is actuated and bending downward. Despite the simplicity of the design, the proposed bistable hybrid soft crawler exhibits a superior high locomotion speed. It can achieve a linear locomotion speed of 174.4 mm/s, or 2.49 BL/s when pressurized at 30 kPa (average actuation frequency is 3.2 Hz, Fig. S2 and Table S1 ) on a wood top (bottom of Fig. 3C and inset of Fig. 3D ). Such a high locomotion speed is 2.1 times the speed of its counterpart soft crawler based on SBA (middle of Fig. 3C and inset of Fig. 3D ), and 4.7 times the speed of the hybrid soft crawler based on HSBA with spring removed (top of Fig. 3C and inset of Fig. 3D ). The comparison of real time locomotion video can be found in Movie S3. The slow motion of the bistable hybrid soft crawler (Movie S4) shows that its locomotion gait is similar to that of high-speed cheetahs during their energy-economic galloping (Fig. 3A) . The forefeet are set down to bend up its back to store energy before they lift off (right column of Fig. 3A) , and then straightening and bending downward to lengthen the stride by extending the forefeet with all feet off the ground (left column of Fig. 3A) . In contrast, for the other two counterparts, all the feet always remain contacted with the ground and thus consume more energy to overcome the friction (Movie S3). Note that different from the power supply from muscles and tendons in legs and back of the animal, the energy storage and quick release in the bistable hybrid soft crawler are triggered from the snap-through bistability in the spine, which will help to save energy cost and enable large force exertion and fast response for high-speed locomotion. We further test its locomotion capability on a tilted surface. We find that when the walking surface is tilted to 17 o , the bistable hybrid soft crawler can still achieve a fast location speed of 0.56 BL/s (Fig. 3E) . However, the other two counterparts are not capable of climbing such tilted surfaces (Movie S5).
In Fig. 3D , we compare the locomotion velocity of the proposed bistable hybrid soft crawler with a few previously reported locomotive soft robotics (20, (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) . These soft robots, mostly possessing continuous compliant bodies, demonstrate a relatively slow speed in the range of 0.02 -0.5 BL/s due to either slow actuation speed or small force exertion of the composed soft actuator. In sharp contrast, the proposed bistable hybrid soft crawler is much faster, meanwhile costing less energy input (it only requires 30 kPa pressurization to perform) due to the benefit of rigid skeleton and force amplifier, which is even comparable, in velocity, with some rigid robots and terrestrial animal (1 -100 BL/s). It should be noted that, the stored energy in spring, which can be tuned by changing spring stiffness or pretension, plays a dominant role in its energy barrier, thus affects its force output, velocity, and energy efficiency. Ideally, using a large energy-stored spring will generate a large energy gap, thus corresponding to a large force exertion from the bistable hybrid system. However, meanwhile, the high energy spring will increase the energy consumption of the bistable hybrid system because it requires more energy input to overcome the high energy barriers. It may lead to a drop in the frequency and velocity of the bistable hybrid system unless increasing the input signal strength (e.g. air flow rate). Therefore, a trade-off should be considered for selecting the stiffness and pretension of the spring for design of high-speed locomotive robots, the details of which will be studied in the future to optimize the performance of the proposed high-speed crawler.
Fast speed underwater swimmer
In addition to a potential terrestrial high-speed locomotive soft robot, the similar swing motion of their soft body in fishes inspires us for exploring its multifunctionality as a potential fast speed underwater robot. The structure of this fish-mimicking swimming robot is depicted in Fig. 4A . It is composed of an encapsulated BHSBA (e-BHSBA) and an attached thin plastic sheet-based fin (thickness = 0.25mm) at its rear for enhancing the propulsion force. For underwater locomotion, compared to on-land locomotion, it requires a relatively larger output force to overcome the water resistance for propulsion due to the fluid-solid interaction. Therefore, for pneumatic bending actuator-based swimmer, it needs more energy input through a high actuation pressure of over 150 kPa, which could lead to the structural failure of its soft body if not strengthened. To enhance the force output and structural reliability, we encapsulate the soft bending actuators with conformable, stretchable, and bendable polymeric wrinkling-based envelope by following Cianchetti et al. (39) , as highlighted in red color of wrinkled skin in Fig. 4A . When protected with braided sheath, the bending actuator can sustain higher pressure and survive longer fatigue-life (39) , therefore here we use the encapsulated soft bending actuator for under water locomotion. The bending actuator is 45 mm in length and 25 mm in diameter. The whole prototype is ~150 mm long with a mass of 51g. The lock angle of the spine is 45 o . The spring stiffness is 1.09 N/mm with 10 mm pre-extension. We measure the block force and deformation of the e-BHSBA and compare with its two bistability-disabled counterparts encapsulated HSBA and SBA under the same pneumatic pressure of 160kPa. As expected, the BHSBA generates the largest maximum block force over 4 N and maximum bending angle θmax of 45 o , which is equal to the preset lock angle in the spine. In contrast, its two hybrid and soft counterparts show smaller force exertion and bending angle (Fig. 4B ). Fig. 4C shows the comparison of swimming speed between the proposed bistable hybrid soft swimming robot and its two counterparts under the same pneumatic pressure of 160kPa and average frequency of 1.3 Hz (Fig. S2 and Table S1 ): soft swimmer based on encapsulated SBA and hybrid swimmer based on encapsulated HSBA. It shows that the bistable hybrid soft swimming robot can achieve a maximum average locomotion speed of ~117 mm/s (bottom of Fig. 4C ), or 0.78 BL/s, which is 32% and 122% faster than its two counterparts: soft swimmer (middle of Fig. 4C ) and hybrid swimmer (top of Fig. 4C ), respectively. The comparison of real time underwater locomotion between the three swimmers can be found in Movie S6.
We further compare the swimming performance of our proposed bistable hybrid soft swimmer with other reported soft swimming prototypes, which are under different actuation methods and frequencies (Fig. 4D) (40) (41) (42) (43) (44) (45) . It shows that despite different actuation methods, the swimming velocity is found to approximately follow a monotonically increasing trend with the actuation frequency, arriving at a high speed of 0.7 BL/s at 5 Hz in the system of a manta ray-inspired electronic fish (42) . In contrast, despite a relative low average actuation frequency of 1.3 Hz, the proposed bistable hybrid soft swimmer can achieve a slightly faster speed of 0. 78 BL/s (star-shaped symbol), largely outperforming most of the reported soft swimmers (round symbols). Although it is still slower than biological fishes which exhibit a swimming capability of 2-10 BL/s (46), future work on further optimization of the bistable structure, actuators, springs and the morphology of the robot may be able to fill this gap.
Bending actuators with tunable stiffness
With the flexibility in manipulating the tension in the spring, next, we further explore the stiffness modulation of the hybrid soft bending actuator for potential applications in strength-adjustable soft grippers. Stiffening/softening is an important issue for soft robotics in maintaining their shape changes and realizing adaptable force exertion to different working environment. Extensive research efforts have been dedicated to building soft robotics with variable stiffness by harnessing granular jamming (16, 20, 47) , phase change (48, 49) , glass transition (50, 51) , and tendon-drivenstiffening (13, 52) . We employ the similar tendon-driven stiffening strategy to stiffening our hybrid soft-rigid system. Despite the ease in implementation, we demonstrate its effectiveness in manipulating the stiffness in a controlled fashion as below. Fig. 5A shows the schematic of our proposed design, which is similar to the e-BHSBA in Fig.  4A . The difference is that we connect a DC motor-driven tendon to the end of the extension spring. When the DC motor is triggered, it will pull the tendon and thus extend the spring, resulting in bending of the actuator towards the lock state. Further extension of the spring beyond the lock state can significantly stiffen the e-BHSBA. For this tendon-spring-driven system, the spring stiffness plays a dominant role in determining the stiffening modulation, thus, using a high-stiffness spring will ensure a large amplification in stiffness. To verify this effect, we characterize the bending stiffness of e-BHSBA as a function of the spring extension (Fig. S3) . Two different baseconstraining conditions are compared, which are shown in the insets of Fig. 5B and Fig. 5C , respectively. In both tests, BHSBA is bent at 80 o (the lock angle in the spine is θ1 = θ2 = 85 o ) with its free end blocked by a force sensor. Simultaneously, the motor is pulling the spring (the spring stiffness is 9.67 N/mm) and the bending actuators are pressurized at 120kPa. The experiment results (Fig. 5B) shows that its block force can be manipulated between 0.1 -103 N by tuning the length of the spring, which agrees well with the simple theoretical model (see Supplementary Materials for details). It indicates an over ×10 3 variation in stiffness modulation by harnessing the springtendon-stiffening system, which is difficult to be achieved by most previously reported stiffening methods used for pneumatic actuators (47, 48, 51) . In addition, unlike a few stiffening mechanisms only allowing for dual (or limited) stiffness control (53, 54) , the proposed stiffening strategy demonstrates a continuous tunability in stiffness by continuously tensioning the spring, thus providing the potential in constructing multiple-stiffness soft engineered systems.
Fig. 5. Hybrid soft grippers with wide-range variable stiffness modulation based on e-BHSBA. (A) Schematic of e-BHSBA driven by tendon. (B)-(C) Stiffness test of e-BHSBA (bent at 75 o ) under two loading conditions (insets). We characterize the force as a function of spring extension. The solid line is the mean of three experiments (with shaded error bar) and the dashed line presents the theoretical model result. (D) Schematic illustration of the proposed gripper by assembling two eBHSBAs. The manipulation can be controlled by both motors, through pulling the spring, and pneumatic signals. (E) Demonstrations of its capability in grasping various objects in different shapes and weight. (F) Demonstration of high-load manipulation. The scale bar is 50 mm.
Taking the advantage of this wide-range modulation and programmable stiffness, we design and fabricate a strength-adjustable hybrid soft gripper, which allows for manipulating a variety of target objects ranging from fragile lightweight to high-load objects. As schematically shown in Fig.  5D , the gripper is composed of two e-BHSBAs, each one can be driven by both pneumatic signals and DC motors. Pneumatic actuation is used for gripping lightweight and fragile objects by utilizing the intrinsic compliance of soft materials/structures. This soft gripping requires the tendon to be relaxed and thus the spring remains inactive, while motor-driven actuation is used for grasping heavy objects through pulling the spring to amplify the bending stiffness. Based on this simple working mechanism, we successfully demonstrate that the proposed hybrid soft gripper can easily pull off objects in a variety of shapes, sizes, and weights. For example, when pressured at 90kPa without activating the tendon, i.e. the tendon and spring remain relaxed, the gripper is capable of grasping fragile fresh egg, small-sized reagent bottle, steel wraps, and tape roll in regular spheroidal or cylindrical shapes as shown in Fig. 5E and Movie S7. When driven by motors, the gripper is capable of directly grasping much heavier objects such as a bottle of water (620g, bottom right of Fig. 5E ) and a maximum of 3.6 kg payload of dumbbells by wrapping around the objects (Movie S7). The grasping payload can be further enhanced by pulling through the gripper's "finger" tips, for example, a 9.2 kg payload of dumbbells (Movie S7). Currently, the largest payload that our gripper can grasp is 11.4 kg (25.3lb), as demonstrated in Fig. 5F and Movie S7, which is ~180 times the weight of a single e-BHSBA. For all the tests, we use the same high-stiffness spring (k = 9.67 N/mm) and it is stretched by 3 mm at the lock state for grasping the maximum payload. It should be noted that the gripping force of our gripper is mainly determined by the spring force, therefore, its gripping capacity can be further improved by using stronger springs. More details and gripping videos can be found in the Supplementary Materials.
Hybrid soft doming actuator as soft oscillator
By replacing the soft bilayer tubular-like structures with soft bilayer disk-like plates, we further extend the bistable hybrid strategy to dome-bending based actuators for improved performances (30, 55) . Fig. 6A shows the schematics of the proposed bistable hybrid soft doming actuator (BHSDA). It is composed of a two-way doming actuator with the rigid spine laminated between two spiral-channeled layers to bend upward or downward. Different from the pretensioned spring in the tubular-based bistable bending actuator, we rather use pre-compressed springs to enable the bistability (Fig. 6B) . We use four sliding beams together with respective compression springs as the bistable spine-like skeleton (Fig. S4) . Fig. 6C schematically illustrates the working mechanism.
Since the springs are pre-compressed, the BHSDA at rest states will possess a dome-shape. By actuating either layer of the bilayer spiral channels, BHSDA at equilibrium state (State I) deforms back to the unstable planar disk state (State II), and then rapidly snap through to another equilibrium state (State III). This process can be reversed from State III to State I by actuating the other channeled layer. The energy barrier of this bistable system is determined by Eqn.
(1), where Uactuator, I here is the potential energy of the doming actuator at rest states. Since there is no lock structure, the minimal-energy states of BHSDA present its rest states.
To verify the role of bistability in amplifying force, we characterize the reaction force of BHSDA and compare it with the block force of hybrid soft doming actuator (HSDA) without spring and soft doming actuator (SDA) without both spined skeleton and springs. BHSDA has 68 mm in diameter and 24 mm in thickness. The stiffness of the compression spring is 1.21 N/mm and is compressed by ~ 6.3 mm at planar state (State II, top left inset of Fig. 6C ). The block force is measured by positioning the actuator under a force gauge leaving a distance d between them (inset of Fig. 6D ) and applied pressure of 80 kPa. The result (Fig. 6D) shows that BHSDA exhibits a much larger reaction force than that of its two soft and hybrid counterparts. At d = 4 mm, BHSDA demonstrates a 31.2 N block force, while HSDA and SDA only generate 9.6 N and 2.8 N, respectively, indicating ~3.2 times and ~11.1 times force amplification. Based on this amplified force output and the snap-through instability, the proposed BHSDA shows the potential as a largeforce bistable doming oscillator (Movie S8). The oscillation is achieved through periodically actuating the two pneumatic channels in sequence with constant pressure of 100 kPa and frequency of 0.91 Hz (Fig. S2 and Table S1 ). This oscillatory behavior in BHSDA could find potential applications in design of soft valves (27) , underwater locomotive robots (44) , jumping robots (56, 57) , and grippers.
Hybrid soft doming adhesion actuator
Compared to the tubular-based soft bending actuator, the uniqueness of soft pneumatic doming actuators lies in enabling adhesion when attached to a surface driven by doming deformation (30, 55) . However, the adhesion strength of entirely soft doming actuators is largely limited by the intrinsic materials softness and the bifurcated bent structure (Fig. S5) under high pneumatic pressurized actuation (55, 58) . To overcome the limitation, we use the same hybrid strategy by integrating the stiff spined skeleton with the soft doming actuator muscles. Fig. 6E shows the schematic design of the proposed hybrid soft doming adhesion actuator (HSDAA). Different from the bistable hybrid soft oscillator actuated by two-way doming and release of stored energy in springs, the hybrid soft adhesion actuator has only one layer of spiral pneumatic channel on the top to actuate the dome-up deformation for enabling adhesion, and the rigid spine is underneath the pneumatic channel. The prototype is 120 mm in diameter and 12 mm thick with a mass of 175 g (Fig. S6) .
The working mechanism of doming based adhesion is simple: when the top lay pneumatic channel is pressurized, as shown in the inset of Fig. 6F , it will deform into a dome shape, generating a nearly vacuum cavity between the structure and the target surface (30, 55) . The pressure difference between the cavity and the atmosphere will force the actuator to firmly attach to the substrate. The adhesion strength is mainly determined by the pressure difference and the structural stability (55) . Thus, no springs are applied to the rigid spine to eliminate bistability. The 6-beam rigid skeleton (Fig. S7) shows single degree-of-freedom in motion (either pop-up or pop-down), thus only allows the actuator to undergo an axisymmetric deformation regardless of input pressure, therefore it can effectively prevent the actuator from deforming into an asymmetric and bifurcated configuration.
To reveal the role of the skeleton in affecting this doming based adhesion, we examine the adhesion strength of HSDAA by measuring its pull-off force on an acrylics surface. Fig. 6F shows that the HSDAA (pressured at 80 kPa) can bear considerable pull-off force, measuring over 700 N, which is ~400 times the weight of the prototype. In sharp contrast, its counterpart entirely soft doming actuator with the same geometry exhibits a much lower normal adhesion strength of ~112N. Utilizing this over 6-folds improvement in adhesion, we demonstrate that HSDAA is capable of holding the weight of a female adult (52 kg), as shown in Fig. 6G and Movie S9 (see Fig. S6 for the experimental setup). This high-load capacity of HSDAA allows future research in building highstrength soft adhesive devices for potential applications in object transportation (16) , climbing robot (30, 59) , and underwater gripping (60) by harnessing the spine-guided doming. 
DISCUSSION
We demonstrate that by integrating with rigid skeleton and amplifier, the mechanical performances of soft bending actuators and soft doming actuator can be largely improved, including enlarged force, amplified speed, lower energy consumption, tunable bistability, and programmable stiffness. This paper serves as a design guideline for building such hybrid soft actuators/robots. Although we only demonstrate the integration of our hybrid actuator in building high-speed locomotive robots and high-strength manipulators, the high force output without sacrificing the benefit of soft robots could find potential applications in surgical robot (21, 61) , medical robot (62), and wearable device (15, 63) . The proposed bistable hybrid system opens a new avenue for constructing large-force and high-speed soft robotics, and we envision that it could inspire more further exploration in building larger-scale (≥ 10 1 cm) soft robots.
Despite the use of conventional pneumatic soft actuators in our demonstrated hybrid system, the proposed technique could be potentially expanded to other types of soft actuators (such as fiberreinforced and dielectric actuators) in response to other actuation signals including heat, electricity, and light. We believe that the proposed hybrid system could significantly improve their performance in force exertion, velocity, stiffness, energy efficiency, and precision.
Future improvement of our hybrid system could include: (1) achieving untethered actuation. (2) achieving actively control of the spring length during the motion of the BHSBA, possibly driven by DC motor or using shape memory spring. This active control could enable programmability in force, velocity, energy barrier, and stiffness of BHSBA, therefore allowing the crawler or swimmer to change speed and achieve new locomotion modes such as jumping or escaping. (3) optimizing the proposed clawer for faster locomotion. This could be achieved through optimizing the structure of BHSBA or replacing the rigid legs with energy-stored-legs. (4) constructing a modular hybrid robot (with BHSBA as a single module) that enables multiple-degree-of-freedom (for example, by positioning modules in orthogonal directions), multi-instability, and diverse utilities. (5) providing lock structure and spring tuning-mechanism for hybrid doming actuator to enable tunability in stiffness and bistability.
MATERIALS AND METHODS
Motion characterization
The motions of studied bending actuators (Fig. 2D) were captured by a Ximea USB3 (Serial number: MQ022CG-CM) high-speed camera with a 60 Hz external synchronization signal. The recording time was ten seconds generating 600 frames. The tracking method was based on simple linear iterative clustering method to generate some super-pixels followed by a 2D Kalman filter to predict the positions of actuators.
Fabrication of bending actuators
The pneumatic soft bending actuators without encapsulation were fabricated following the conventional molding-demolding manufacturing technique for fluid-driven soft actuators reported by Ref. (10) . Encapsulated pneumatic bending actuators were fabricated following Ref. (39) . The braided structure (denoted by red color in Fig. 3A ) was prepared by compressing the polyester sleeve (McMaster-Carr, 9284K4) through a steel rod and then curing in the oven at 60 o for 20 min. All rigid skeletons, mostly made of PLA, were 3D printed by Ultimaker 2+ and were bonded with the soft actuators by both Ecoflex 00-50 (Smooth-on Inc) and Insta-Cure glue (Bob Smith).
Fabrication of doming actuators
The detailed steps on the fabrication of entirely soft dome-bending actuators can be found in our previous work (30, 55) . The fabrication of hybrid soft doming adhesion actuator (HSDAA) requires the rigid spine and the doming actuator (diameter = 100 mm) to be separately prepared as the first step. Then both of them are placed in a cylindrical mold (diameter = 120 mm) with the doming actuator on the top of the rigid skeleton. The following step is pouring uncured ecoflex into the mold until both the actuator and spine are totally submerged. After being degassed, the mold is positioned in oven at 45 o for 4 hours and then the sample can be directly cast from the mold. For the shaft of the sliding beam (Fig. 6B) , we used a polished stainless steel rod. The fabrication of bistable hybrid soft doming actuator (BHSDA) follows similar process as HSDAA. The only difference is that when positioning actuators and spine in the cylindrical mold, the spine is laminated between two doming actuators). Fig. S1 . Schematics of patterned pneumatic channels in two-way soft bending actuator and structure of linked spine. Table. S1. Data of actuation pressure and time control pattern. Movie S1. Slow motion of swinging of bistable hybrid soft bending actuator (BHSBA) captured by high-speed camera. Movie S2. Realtime swing motion of bistable hybrid actuator, hybrid actuator, and soft actuator with the same swing angle of 60o. Movie S3. Realtime locomotion of three bending actuator-based crawlers on a horizontal surface. Movie S4. Slow motion (  0.125) of spined bistable hybrid soft crawler locomoting on a horizontal surface. Movie S5. Realtime climbing of three bending actuator-based crawlers on a slightly tilted surface. Movie S6. Realtime underwater locomotion of three bending actuator-based fish-like soft robots. Movie S7. Demonstrations of strength-adjustable hybrid soft grippers in grasping a variety of objects ranging from fragile lightweight to high-load objects. Movie S8. Demonstration of bistable soft doming oscillator. Movie S9. Demonstration of hybrid soft doming adhesion actuator (HSDAA) as a high strength adhesive device to hold a female adult.
Text
Energy barrier and consumption in bistable hybrid soft being actuator (BHSBA)
To enable the snap-through bistability and save the energy, the energy barrier E of BHSBA must satisfy , , 
where L is the length of the spine. E is the Young's modulus. The first and second term represents the bending and stretching energy in the soft bending actuators, respectively. It should be noted that the model is oversimplified through homogenization without considering its detailed pneumatic channels. It also assumes the idealized linear elastic materials behavior in the homogenized continuous layer despite the nonlinear deformation in the elastomer.
From Eq. (S-2), we can see that when the spring stiffness or extension is relatively small, the BHSBA cost less energy than its soft counterparts to achieve the same bending angle. When the spring stiffness or pre-extension is set to be too large, it will readily satisfy Eq. (S-2). However, in this case, BHSBA will require more energy input than its soft counterpart to achieve the same bending angle. Meanwhile, BHSBA with a high-stiffness spring yields a much higher force output than the soft actuator. Therefore, a trade-off in selecting spring should be considered for different conditions.
Curvature of BHSBA With the help of the proposed rigid spine, BHSBA demonstrates a nominal uniform curvature, which is hard to be achieved by its counterpart soft bending actuator. Its curvature, κ, can be obtained as:
Bending stiffness of BHSBA The block force of BHSBA as a function of spring extension shown in Fig. 5C can be obtained as:
Where ∆x1 represents the pre-stretched length of the spring at rest state. L1 denotes the distance between the anchored points of the spring. In this equation, we ignore the effect of the bending actuators because the high-stiffness spring has much higher potential energy than the straining energy of the soft actuators at lock state (before lock state, this assumption is not valid). This assumption explains the slight disparity between the model and experimental results in predicting the block force. Similarly, the block force of BHSBA shown in Fig. 5B can be obtained as: Table. S1. The actuation timing control pattern is shown in Fig. S2 . Movie S7. Demonstrations of strength-adjustable hybrid soft grippers in grasping a variety of objects ranging from fragile lightweight to high-load objects. Pneumatic actuation is used for gripping lightweight and fragile objects and motor-driven actuation is used for grasping large and heavy objects through pulling the spring. We first show the proposed gripper can manipulate a few lightweight objects including a fresh egg, steel wrap, a glass bottle and a tape. All actuators are pressurized at 90 kPa. Then we demonstrate the proposed gripper can hold heavier objects with weights of 600 g, 3.6 kg, 9.2 kg and 11.4 kg. The corresponding stretched lengths of the spring (k = 9.7 N/mm) at lock state (85 o ) are ~0.1 mm, ~3 mm, ~2 mm and ~3 mm. For the demonstration of grasping 9.2 kg and 11.4 kg payloads, an acrylics plate is fixed above the payload. Gripping these payloads is achieved through squeezing the acrylics plate first and then lifting the payloads.
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